Background: There is increasing evidence that miRNAs are involved in cellular apoptosis. study, we investigated the effect of miR-291b-3p on NCTC1469 cell growth and apoptosis. Methods: Cell viability and apoptosis were examined in NCTC1469 cells transfected with miR-291b-3p mimics, inhibitor miRNA or negative control.
Introduction
MiRNAs are small non-coding RNAs that potently regulate gene expression in mammalian cells. The primary transcript of miRNA is initially transcribed by RNA polymerase II or RNA polymerase III. In the nucleus, the primary transcript is processed by Drosha and transformed into the pri-miRNA with approximately 60 to 110 nucleotides. The transcript is then transported to the cytoplasm and further cleaved to the mature form by Dicer. The mature miRNA is incorporated into the RNA-induced silencing complex (RISC) [1] . The complex is tethered to a complementary sequence within the 3'-untranslated region (UTR) of the target mRNA, resulting in the suppression of gene translation and expression. It has been suggested that over 30% of all human genes are regulated by miRNAs, many of which are involved in important cellular pathways [2] . In recent years, numerous investigations have implicated miRNA dysregulation during cellular apoptosis, leading to additional studies on the involvement of miRNAs and their target genes in apoptotic pathways. For instance, miR-150 and miR-630 were shown to induce pancreatic cancer cell apoptosis by targeting IGF-1R, and miR-21 was shown to have anti-apoptotic functions by targeting pro-apoptotic genes, such as FasL, PTEN and PDCD4 [3, 4] .
In addition to miRNAs, AU-rich elements (AREs)-mediated transcript degradation is considered as another important gene regulation mechanism at the post-transcriptional level [5] . Undoubtedly, AREs are important cis-elements that control cell growth and proliferation because a number of cancer-related transcripts contain AREs in the 5'-untranslated region (UTR) or 3'-UTR, such as cytokines, growth factors and invasion factors [6] . AREs are recognized by RNA binding proteins, which then affect gene expression by changing the vision-like (ELAV) protein HuR is an RNA binding protein in the Hu family [7] . It is widely expressed in mammalian cells and can bind to AREs to adjust mRNA stability.
According to the number and distribution of AUUUA nucleotides, AREs can be divided into three types [8] . Type I contains several copies of the AUUUA motif; type II has at least two copies of UUAUUUA (U/A) (U/A); and type III lacks the typical AUUUA motif in the U-rich regions. HuR can recognize and bind to all three types of AREs in the 5'-UTR or 3'-UTR of mRNAs. For most of these mRNAs, HuR was reported to increase their stability [9] [10] [11] . It has also been shown that, while HuR is predominantly localized in the nucleus, it can be stabilize its target mRNAs [12] . Over the past decades, there has been increasing evidence suggesting that HuR plays a key role in carcinogenesis and cancer progression by regulating the expression of numerous target genes, such as p53, p21, p27, and Bcl-2 [13] [14] [15] .
Recently, it was reported that many miRNAs, such as miR-9, miR-34a, miR-16, miR-125a, miR-29a, miR-200c and miR-519, can regulate the protein expression of HuR by binding to miRNA, miR-291b-3p, that participates in HuR regulation. Furthermore, our study shows that inhibition of HuR expression by miR-291b-3p in NCTC1469 cells may induce apoptosis through downregulation of Bcl-2.
Materials and Methods

Cell culture
.
Isolation of mouse primary hepatocytes
Male C57BL/6J mice (12 weeks old) were provided by the Peking University Health Science Center (Beijing, China). Mouse primary hepatocytes were isolated as previously described [22] . 
Transient transfection
Before transfection, 1 × 10 5 cells per well were seeded in a 6-well plate with 2 ml DMEM culture medium containing serum and antibiotics. Meanwhile, miR-291b-3p mimic, inhibitor, or negative control (Genepharma) was pre-incubated with HiPerFect transfection reagent (QIAGEN) at room temperature for transfected cells were incubated under normal growth conditions for another 48 h.
RNA extraction and real-time PCR
Total RNA was extracted from NCTC1469 cells with Trizol (Invitrogen) according to the manufacturer's instructions. The quality of the RNA samples was monitored by analysis of OD 260 /OD 280 .
To measure the level of miR-291b-3p, a quantitative 2-step RT-PCR assay was performed using SYBR Green Supermix (Bio-Rad) in a BIO-RAD iCycler iQ real-time PCR detection system. -Ct analysis method, where U6 was used as the endogenous control. Nucleotide primers used for reverse transcription were as follows (5'-3'): miR-291b-3p, GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACACAAAC; U6, GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAAATATG.
The primers used for real-time PCR were as follows (5'-3'): miR-291b-3p forward, GCAAAGTGCATCCATTTTGTTTGT; U6 forward, GCGCGTCGTGAAGCGTTC; Universal reverse primer, GTGCAGGGTCCGAGGT.
Protein extraction and western blot
Proteins were extracted from NCTC1469 cells with RIPA buffer (1% TritonX-100, 150 mmol/L NaCl, 5 mmol/L EDTA, and 10 mmol/L Tris-HCl (pH 7.0)) (Solarbio, China) supplemented with a protease inhibitor cocktail (Sigma). The cell lysates were separated by 10% SDS-PAGE and transferred electrophoretically onto PVDF membranes. After blocking with 8% milk in PBS (pH 7.5), the membranes were incubated with the Biotechnology, Inc.). The appropriate HRP-conjugated anti-rabbit IgG secondary antibody (Abmart, all at 1:5000) was subsequently applied, and immunodetection was performed using the ECL Plus detection
Dimethyl thiazolyl diphenyl tetrazolium (MTT) assay
seeded in 96-well plates and transfected with miR-291b-3p mimics (50 nM) or negative control-miRNA 2,5-diphenyltetrazolium bromide (MTT) reagent (Solarbio, China) was added to wells and were incubated sulfoxide (DMSO) and the absorbance was measured at 550 nm. Wells containing only NCTC1469 cells served as blanks.
Hoechst 33258 staining NCTC1469 cells were cultured in 6-well plates. After 48 h transfection with miR-291b-3p mimics, (500 ng/ renilla activity. 5 cells per well in a 6-well plate were transfected with 50 nM siHuR or negative control for 48 h using HiperFect transfection reagent (QIAGEN) as described above.
Inhibition of HuR by RNA interference
Statistical analysis
Data were presented as mean ± SE from 3 independent experiments. Statistical analysis was carried out with Student's t test. P
Results
In previous study, we analyzed miRNAs in the livers of db/db mice (n=5) and control the serum of db/db mice (data not shown). In the present study, to identify the impact of miR-291b-3p on cell apopt db mice to murine liver cell line NCTC1469. To determine the effect of miR-291b-3p on cell viability, NCTC1469 cells were transfected with miR-291 mimics, inhibitor or negative control for 24, 48, and 72 h. As shown in Fig 2. A, upregulation of miR-291b-3p by the mimics decreased cell viability by 25% and 30% at 48 h and 72 h, respectively, while downregulation of miR-291b-3p by the inhibitor enhanced cell viability by 20% and 30% at 48 h and 72 h, respectively (Fig 2. B) . These results demonstrated that miR-291b-3p could modulate NCTC1469 cell viability.
We next observed that upregulation of miR-291b-3p enhanced cell apoptosis by nearly fourfold versus the negative control in NCTC1469 cells (Fig 3. A) . Hoechst 33342 staining MiR-291b-3p belongs to the same family of miRNAs that includes miR-519b-3p, miR519c-3p, and miR-519a. In previous studies, it has been shown that miR-519 reduces cell proliferation by directly regulating HuR expression [21, 23] . Thus, the sequences of HuR from Mus musculus and Homo sapiens were aligned. As shown in Fig 4. A, the nucleotides in the coding region (CR) of HuR from 902 bp to 923 bp in Mus musculus and from 886 bp to 907 
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Cellular Physiology and Biochemistry bp in Homo sapiens site of miR-519. Poorly conserved amino acids in the 3'-untranslated region of HuR were Homo sapiens. Furthermore, we aligned the sequence of miR-291b-3p with those of miR-519b-3p, miR-519c-3p, and miR-519a. Fig. 4B shows that there is high similarity between the four miRNA sequences. Based on the sequence analysis above, murine miR-291b-3p was then aligned with the murine HuR mRNA. The result indicated that HuR may be a potential target gene of miR-291b-3p (Fig 4. C) . A luciferase reporter assay was then used to assess whether miR-291b-3p can directly bind to the HuR 293T cells that were transfected with the luciferase reporter vector containing the HuR-CR region. However, the luciferase activity was only slightly reduced when HEK cells were cotransfected with both the luciferase reporter vector containing the HuR-3'-UTR and the miR291b-3p mimics (Fig 4. D) . These data suggest that miR-291b-3p directly modulates HuR expression by binding to the coding region of HuR. Mus musculus and Homo sapiens. The sequence of miR-291b-3p with miR-519b-3p, miR-519c-3p, and miR-519a was also aligned (A). The sequence of miR-291b-3p was highly consistent with miR-519b-3p, miR-519c-3p, and miR-519a (B).
transfected with luciferase reporter vector with the HuR-CR region, while the luciferase activity was slightly reduced when HEK cells were co-transfected with luciferase reporter vector containing the HuR-3'-UTR and miR-291b-3p mimics (D). Data represent the means ± SEM, n=3 independent experiments. * p<0.05 versus control.
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the nucleus 48 h after the transfection of miR-291b-3p mimics, and the level of HuR was blot analysis of HuR expression in cells that were transfected with the miR-291b-3p mimics or inhibitor for 48 h revealed that overexpression of miR-291b-3p reduced the protein level of HuR (Fig 5. B) , while suppression of miR-291b-3p enhanced the level of HuR (Fig  5. C) . However, no changes were detected in the mRNA level of HuR under both conditions, indicating that miR-291b-3p affected HuR expression at the post-transcriptional level Positive regulation of Bcl-2 expression by HuR in various cell types has been previously described [15] . To identify the downstream effects of HuR on cell apoptosis, NCTC1469 cells was reduced by 75% compared with the negative control. Additionally, the level of Bcl-2 was also reduced while Bax expression was not changed in these cells (Fig 6. A) . Given the results shown in Fig 3. C and the fact that miRNAs can have multiple target genes, we reasoned that, when the miR-291b-3p mimics were transfected into the NCTC1469 cells, downregulation of Bax was due to the effect of miR-291b-3p on target genes different from HuR. Flow cytometry Western blot analysis showed that the levels of HuR and Bcl2 were reduced in NCTC1469 cells transfected with either miR-291b-3p mimics or siRNA-HuR (Fig 7. A) . In contrast, downregulation of miR-291b-3p elevated the expression of both HuR and Bcl2, downregulation of miR-291b-3p failed to induce Bcl2 expression in NCTC1469 cells that were transfected with siRNA-HuR (Fig 7. B) . Moreover, RT-qPCR analysis showed that the downregulation of HuR did not affect the level of miR-291b-3p transcript in NCTC1469 cells. In addition, transfection of the miR-291b-3p inhibitor alone led to reduced apoptosis, while suppression of HuR by siRNA promoted apoptosis, even in cells that were co-transfected with the miR-291b-3p inhibitor (Fig 7. D) . Taken together, these results indicated that miR291b-3p promoted NCTC1469 cell apoptosis by reducing HuR expression.
Discussion
linked to various diseases [24 and causes the activation of cellular signaling pathways that control either cell survival or obvious hepatocyte apoptosis [25 cells , suggesting that miR-291b-3p plays an important role in the apoptotic process. We then cell viability and increased cell apoptosis, while downregulation of miR-291b-3p with an inhibitor had anti-apoptosis and pro-survival effects.
Evidence of apoptosis regulation by miRNAs has been presented previously. For instance, miR-106a-5p induces astrocytoma cell apoptosis mainly by targeting Fas-activated serine/ threonine kinase (FASTK), and miR-429 enhances cell apoptosis in esophageal carcinoma mainly by suppressing the expression of Bcl-2 and SP-1 [26, 27] . Furthermore, miR-26b has mitotic neuronal cell apoptosis [28] . However, the role of miR-291b-3p in apoptosis has never been elucidated. MiR-291b-3p belongs to the murine miR-290 cluster, which includes miR-290-3p, miR-291a-3p, miR-291b-3p, miR-292-3p, miR-294 and miR-295 [29] . This cluster to regulate different cellular pathways by targeting various target genes [30] . For example, miR-291b-5p and miR-293 suppress embryonic stem cell pluripotency by suppressing the p 31].
induced NCTC1469 cell apoptosis. Using four popular miRNA target prediction methods, Miranda, TargetScan, PicTar and RNA22, we failed to identify any apoptosis-related proteins that could be potential targets of miR-291b-3p. However, we found that miR-291b-3p is highly conserved with miR-519b-3p, miR-519c-3p, and miR-519a. It is known that miR-519 directly regulates the expression of HuR, which has an mRNA sequence that is highly conserved between Mus musculus and Homo sapiens. HuR is mainly located in the nuclei of resting cells [32] . It has been reported that HuR can bind to ARE-containing mRNAs and be transported to the cytoplasm. The translocation of HuR from nucleus to cytoplasm is an important mechanism for stabilizing target mRNAs [33, 34] . Therefore, we aligned murine miR-291b-3p with the murine HuR mRNA and found that HuR may be a potential target gene of miR-291b-3p. Direct binding of miR-291b-3p to HuR mRNA was evidenced by the luciferase activity in HEK 293T cells that were transfected with a luciferase reporter vector containing the HuR-CR region. Furthermore, luciferase activity was only slightly reduced in HEK cells that were co-transfected with the luciferase reporter vector containing the HuR-3'-UTR and the miR-291b-3p mimics, suggesting that miR-291b-3p negatively regulates HuR by direct binding to the coding region of HuR mRNA. These results were further validated by western blot, which showed that overexpression of miR-291b-3p reduced the protein level of HuR, while suppression of miR-291b-3p enhanced HuR expression. At present, the regulation of HuR by different miRNAs has been widely explored [35] . For instance, miR-122, miR-548c, miR-494, miR-16, and miR-331 have all been proven to target HuR in various cell types and tumor samples [18, [36] [37] [38] .
notion that HuR has an anti-apoptotic function. Previous research has already shown that reduced HuR expression confers a growth advantage in various malignant cells [39] . As one of the most important ARE-binding proteins, HuR binds to the ARE sequences in mRNAs with 40]. However, HuR exerts its effects in two distinctive ways. First, HuR can act as a positive regulator of gene expression by increasing the stability of target mRNAs, such as cox-2, cyclin D1, p21 and so on [13, 41, 42] . However, HuR has also been found to decrease [43] [44] [45] . Recently, HuR expression level has been suggested to positively correlate with that of Bcl-2 in HeLa cells [15, 46] . Abdelmohsen et al. indicated that HuR plays a positive role in regulating Bcl- 2 46] . Similarly, we have now shown that reducing the HuR level contributed to reduced expression of Bcl-2, which then prompted NCTC1469 cell apoptosis by increasing the Bax/Bcl-2 ratio. Interestingly, we also noted higher Bax expression and lower Bcl-2 expression when miR-291b-3p was upregulated. Both proteins belong to the Bcl-2 family, but they have opposite functions during the apoptotic process [47] . Certainly, further investigation is needed to elucidate the mechanisms that lead to Bax upregulation during miR-291b-3p-induced apoptosis. We propose that miR-291b-3p may exert its function on Bax through other target genes than HuR. Nevertheless, our data clearly show that the Bax/Bcl-2 ratio increased when HuR expression was blocked, resulting in cellular apoptosis. modulation of HuR expression and the subsequent effect on Bcl-2 stability in NCTC1469 cells.
